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ABSTRACT
The literature contains a number of thermodynamic studies involving the solubility of
acid gases in RTILs. This thesis looks at using these studies in the context of two processes:
membrane separation and absorption refrigeration cycles.
The first part of this study investigated the separation of a mixed dry gas feed of
CO2/CH4 by four Stabilized Ionic Liquid Membranes (SILMs); 1-Ethyl-3-methlyimidazolium
dicyanamide, [emim][DCA], 1-ethyl-3-methylimidazolium thiocyanate, [emim][SCN], 1-ethyl3-methylimidazolium

bis(trifluoromethylsulfonyl)imide,

[emim][Tf2N]

and

1-Butyl-3-

methylimidazolium nitrate, [bmim][NO3]. The selectivities and permeances for the CO2/CH4
feed were measured in all four SILMs at various partial pressures of CO2 in the feed and at two
total feed pressures. This project part continued works that investigated the feasibility of using
Room Temperature Ionic Liquid, RTIL, membranes in CO2/CH4 separation applications.
In the second part of this report, we investigated the performance of a sulfur dioxideRTIL (SO2/RTIL) absorption refrigeration cycle and compared the coefficient of performance,
COP, to the standard ammonia-water absorption refrigeration cycle. This was achieved by
simulating the absorption refrigeration cycle using SO2/RTIL pairs.
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I.

INTRODUCTION

Room Temperature Ionic liquids, RTILs, are salts that are liquid at room temperature. RTILs
are comprised of cations and anions which can be combined in several ways to custom-produce
RTILs that are specific to a task. This is a very important property that can be exploited in
different applications as RTILs have solvation abilities for both organic and inorganic
compounds. RTILs possess melting points below 100oC, have negligible vapor pressure, are nonvolatile and possess good thermal stabilities1-2.
The research RTILs for the purpose of CO2 separation from CH4 has increased over the
years due to promising permeability and selectivity results from previous studies and the
potential applications of the separation ability of RTILs. An example of this is the treatment of
natural gas which involves the removal of CO2 from CH4. The pipeline specifications for natural
gas require a CO2 percentage concentration range of two to three. This gives rise to a need for
CO2 sequestration from natural gas3-4.
RTILs have also been researched for use in Absorption Refrigeration cycles. A few of the
advantages of utilizing RTILs in this application are; negligible vapor pressure, no crystallization
and a lower tendency for corroding iron-steel materials. RTILs are also environmentally friendly,
nonflammable; possess good thermal stability, low melting points and good solubility to many
organic or inorganic chemicals5-6. The high solubility of SO2 in RTILs lead to the investigation
reported in this thesis of the SO2/RTIL working pairs for absorption refrigeration cycles.
1

1.1

CO2 Separation Using RTIL Membranes
RTILs provide an interesting platform for CO2 separation due to the versatility and the ability

to ‘tune’ the RTIL by combining different cations and anions7. RTILs have high thermal
stabilities and large electrochemical windows which have led to them being potential substitutes
for organic solvents as separating agents8. Ionic Liquids typically have densities of between 1.11.6 g/mL at ambient temperature9.
Properties like viscosity, molar volume, gas solubility and melting point can be altered using
different combinations of cations and anions in order to form Task Specific Ionic Liquids, TSILs.
RTILs have also been labeled as green solvents due to their negligible vapor pressures. These
properties have resulted in RTILs being studied for CO2 capture as a ‘greener’ method over the
more generally used method of chemical absorption using alkanolamine which is more energy
demanding. Supported Ionic Liquid Membranes, SILMs, are formed by saturating RTILs into a
porous support until saturation is attained. SILMs are able to achieve CO2 separation by a
preferential transport of CO2 through the SILM over other components of the mixed gas
stream10.
Unlike supported liquid membranes (SLMs), SILMs have no quantifiable solvent loss due to
volatilization. Previous reports on mixed gas feed permeances and selectivities for CO2/CH4
separation application showed no reduction in mixed gas selectivities when compared to ideal
selectivities for imidazolium-RTILs for up to 2 bars partial pressure of CO2. This leads to SILMs
being considered a potential option for low pressure industrial applications such as the treatment
of bio-methane from anaerobic digesters 11.

2

1.2

SO2 Solubility in Ionic Liquids & Application to Absorption Refrigeration Cycle.
A major difference between the absorption cycle and the vapor compression cycle is in

the former's use of a secondary fluid to create a difference in pressure. The difference in pressure
is required to achieve the temperature drop in the refrigerant as it passes through the throttle. The
absorption refrigeration uses a liquid pump in place of the gas compressor employed by the
vapor compression cycle to create the pressure gradient. Due to the lower electrical energy use,
the absorption refrigeration cycle is an attractive option when electricity is expensive.
Commercially, for applications above 32oF the cycle uses LiBr-water as absorbent-refrigeration
pair. Below this temperature, the ammonia-water pair typically is used. Although industrial
applications still actively utilize absorption refrigeration cycles, the toxicity and flammability
concerns with the ammonia-water cycle prevent it from being as widely used as the standard
vapor compression cycle. 12-15
More recent studies have been conducted on proposed alternatives such as the waterRTIL cycle and the ammonia-RTIL cycle16-18. This thesis considers the SO2-RTIL absorption
refrigeration cycle as a potential alternative to ammonia-water for the following reasons:


SO2 has a high solubility in RTILs.



SO2 has a high heat of vaporization.



SO2 has NFPA Health and Flammable values which are equivalent or better than that of
ammonia which is largely used in industry.



SO2 has a pre-existing history as a refrigerant. This means that SO2 has been proven to be
useful in this application and there is absorption data available. 18,19

3

Solubility data from SO2 in RTILs, available from literature20, enabled us to simulate the cycle
using the available thermodynamic properties. The purpose of the second half of this study is to
examine the feasibility of SO2-RTIL absorption refrigeration cycle as a potential replacement for
the ammonia-water absorption refrigeration cycle.

4

II.

LITERATURE REVIEW

This chapter presents a non-exhaustive study of previous research into two applications
of RTILs; CO2 separation utilizing RTIL membranes and the application of RTILs to absorption
refrigeration. It is important that results of studies carried out on RTILs be understood in order to
obtain a firm grasp of the principles surrounding the utilization of RTILs in these applications.
The findings of a few of these research studies are discussed in relation to their applicability on
the current study.
2.1

CO2 Separation Using RTIL Membranes
Carvalho et al. proposed that more success in improving the selectivity in CO2/CH4

separations will come from trying to decrease the solubility of CH4 instead of increasing the CO2
solubility. The results of the these studies led to a determination that the solubility of CH4 in
Ionic Liquids (ILs) is not solely dependent upon the ILs molecular weight but also related to the
polarity of the IL. The authors proposed that the solubility of CH4 in RTILs decreases as the
Kamleft-Taft hydrogen bond accepting parameter (β) increases. The ILs studied showed the
highest selectivities for CO2/CH4, H2S/CH4 and related this performance to the polarity of the
ILs. The polarity of an IL is an important consideration in applications of CO2 separation from
CH421.
Gonzalez-Miquel, M, et al. in their work restated that previous studies had shown that the
choice of anion can have a more pronounced effect on CO2/N2 selectivity and CO2 solubility
than the choice of cation. The quantum chemical for real solvents method was applied as a way
5

to determine SILMs that produce a better CO2/N2 selectivity. The method’s predictability was
tested using data obtained from literature. Suitable SILM systems were designed with utilizing
the results for CO2/N2 separation. The result, which had not been previously reported, showed
that [SCN-] ILs enhance separation. Furthermore, it was determined that increasing the length of
the alkyl chain on the imidazolium ring did not increase the CO2/N2 selectivity. In the case of
SILMs anions like [DCN-] and [BF4-] prove to be a good choice for CO2/N2 separation. The CO2
solubility of RTILs which possess low solubilities to other gases, such as N2, can be increased by
enhancing the van der Waals intermolecular interactions of the CO2 in the mixture while
displaying no affinity for other gases. An example of this is [SCN-]-based RTILs. This can be
utilized in obtaining higher selectivities22.
The findings of the studies conducted by Mahurin, S. et al. further stated that as the molar
volume of an IL decreases, the CO2/N2 selectivity increases. Thus ILs with lower molar volumes
are desired for CO2 separation applications. The authors were able to come to these conclusions
as the study involved exploring the performance of a series of ILs possessing a nitrile-containing
anion (2, 3, and 4 nitrile groups). These anions were matched with 1-alkyl-3-methylimidazolium
cations to aid in optimizing the selectivity and performance for the purpose of CO2/N2
separation. The authors brought to light the conclusion by Camper that the selectivity of SILMs
is not dominated by the diffusivity selectivity, but rather it is dominated by the solubility
selectivity. The highest permeance was shown by [emim][B(CN)4]. This permeance value was
30% higher than that of [emim][Tf2N]. A high selectivity was also shown by [emim][B(CN)4], as
well as CO2 solubility. The optimization of both molar volume and viscosity through the use of
nitrile-based RTILs can yield enhanced separations performance. The number of nitrile groups
can be varied to enhance the separation properties of a SILM23.
6

Kilaru, P. et al. in their study found through the analysis of correlation parameters that
solvent/solvent and solute/solute dominated solute/solvent interactions. In addition to this the
CO2 solubility of a particular anion class RTIL (in mol/mol-atm) decrease as the length of the
cation (in this case –alkyl) chain increases. This study found that against previously published
statements that the CO2 solubility between RTILs was correlated to the anion interactions. The
authors concluded that RTIL viscosity correlations could also be a predictor of gas solubilities in
RTILs and provide more flexible and universal correlations than surface tension models24.
The permeability of a membrane is dependent on the thermodynamic mechanism as the
gas absorbs into and desorbs out of the membrane, as well as, the kinetic component as the gas
diffuses through the membrane. Condemarin and Scovazzo in their work were able to draw out
universal trends for diffusivity in RTILs. The results showed that gas solubilities and gas
diffusivities of the ammonium RTILs are of the same scale as those for the phosphonium and
imidazolium RTILs. The gas diffusivity is approximately proportional with the inverse of the
square-root of viscosity and inversely with solute molar to the power of 1-1.3. Imidazoliumbased RTILs with R<4 showed no significant diffusivity correlation with the RTIL molar
volume26.
Scovazzo, P. determined that SILMs deliver a higher performance than standard
polymers in CO2/N2 and CO2/CH4 separations. The paper set-out to determine the benchmark for
SILM performances in these applications and predict upper limits based on the physical
properties of the RTIL. This was achieved by analyzing data on SILM permeabilities and
selectivities for several gas pairs. The conclusion of this work was that solubility selectivity
overpowers diffusivity selectivity in SILMS. It was determined that RTIL molar volume and
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viscosity were the two most important factors for the selection of SILMs for the purpose of CO2
separation applications. 11.

2.2

SO2 Solubility in Ionic Liquids & Application to Absorption Refrigeration Cycle
In attempting to provide a molecular-level explanation of RTIL-gas interactions, Prasad,

B. et al. utilized the chemical and molecular interactions between gases and the RTILs to obtain
information and predict gas solubilities in RTILs. The authors stated from their studies that the
relations between RTIL anions and gases are a very important determinant of gas solubility in
RTILs especially in the case of polar gases such as SO2. The cation effect on gas solubility on
RTILs plays a secondary role compared to that of the anion. In addition to this, the gas molecules
do not affect the core fluid configuration of the RTIL. Anion-SO2 complexes were shown to be
stronger than anion-CO2 complexes. These in turn were a lot stronger than the complexes of
anion-N2. The solubility of SO2 in RTILs was also shown to be greater than the solubility of CO2
in RTILs. This is in turn greater than the solubility of N2 in RTILs. This study acknowledges the
disagreements in literature over the theories behind gas solubility in ILs. The authors conclude
that although the high solubility of SO2 and CO2 observed in the study may be partly due to the
creation of intermolecular complex, the overall solubility will still depend on other factors25.
Shiflett M. et al. studied the solubility of SO2 in three RTILs for the purpose of SO2
emission reduction in industrial settings such as petroleum refineries, fossil fuel burning power
plants, and sulfide based metal smelters. RTILs are an attractive option for this separation due to
low running costs and lack of greenhouse gas concerns. The three RTILs studied were 1-n-butyl3-methylimidazolium acetate, [bmim][Ac] and 1-n-butyl-3-methylimidazolium methyl sulfate
[bmim][MeSO4],

and

1-hexyl-3-methyl-imidazoliumbis
8

(trifluoromethylsulfonyl)

imide,

[hmim][Tf2N]. Binary solutions of SO2 in each of these RTILs were studied and the solubility
behavior was studied using thermodynamic excess functions and the Henry’s Law constant at
298.15K20.
Martin A. et al, in their study of ionic liquids in absorption refrigeration applications
determined some desirable properties of absorption refrigeration pairs, for an efficient and
energy-saving absorption refrigeration cycle, which are listed below:
1. The refrigerant should display a high solubility in the absorbent. This reduces the amount
of absorbent needed to run the process and reduces energy needed for heating
2. There should be a large difference between the absorbent’s boiling point and the
refrigerants boiling point. This will reduce the chances of contamination of the generator
by the absorbent
3. There should be a small heat of mixing of the absorbent and refrigerant
4. There should be no formation of crystals or solids in the system
5. The solution should not be corrosive
6. There should be a high thermal conductivity and low viscosity in order to improve the
efficiency of heat transfer processes15.
In addition to SO2/RTIL absorption refrigeration pairs meeting the above criteria, SO2 has a
history as a refrigerant prior to the use of chlorofluorocarbons (CFCs). Furthermore, significant
complexation chemistry between SO2 and ionic liquids (45<mp<135 C) were reported in studies
conducted by Ando et al.38. SO2 also has higher physical solubilities than CO2 in RTILs, about
0.5mol/mol-atm for SO2 compared to less than 0.03mol/mol-atm for CO2 in RTILs19,25,38.

9

III.

SELECTION CRITERIA FOR RTILs FOR CO2 SEPARATION STUDY

It becomes pertinent to introduce to this discussion the reasons driving the selection of
RTILs for the CO2/CH4 separation studies. The selection and choice of RTILs for this purpose is
driven by previous research work found in literature. Some RTILs have been found to achieve
higher CO2/CH4 selectivities for reasons that are discussed in the sections below.
3.1

Selection Criteria
Kilaru, P, et al. study confirms, through the analysis of correlation parameters, that

solvent/solvent interactions dominate in determining the CO2 solubility in RTILs11. This treats
the gas/RTIL system as a regular solution. The recommended methods of manipulating the RTIL
columbic forces are through altering the overall RTIL-molar volume or systematically varying
the cation-anion interaction energy. This is one of the theories for developing highly selective
RTILs. Previously reported RTIL membranes for CO2/CH4 separation have selectivities of
approximately 2027. These values are higher than the predicted maximum performance for
polymer membranes. Studies conducted by Scovazzo, P., et al. determined that mixed-gas
operations do not reduce gas selectivites in RTILs. RTILs also have long-term stability in
continuous operation (>3 months) without performance degradation under both dry and humid
feed gas conditions28.
The cost of capturing CO2 using gas separation membranes under vacuum permeate
conditions is 65% of the cost of capturing CO2 using pressurized feed conditions. The lowered
10

costs of the vacuum permeate feed process is as a result the lowered energy consumption and a
reduced capital cost as there is no feed compressor required. The development of membranes for
vacuum permeate systems should be focused on the creation of membranes with very high
permeability of about 300-550 barrers29, 30. RTILs with low viscosities are desirable due to the
corresponding high CO2 permeability. This is especially true with low-viscosity RTILs
containing a nitrile group which have higher CO2 selectivities reported11, 23.
The inverse relationship between RTIL molar volumes and CO2/CH4 Selectivities has
been used as a basis of RTIL membrane performance prediction11, 31. Ideal single gas solubilities
in 1-R-3-methylimidazolium, Rmim,-based RTILs are mostly a function of RTIL molar volume.
Rmim RTILs are also more desirable because of their tendency to be less viscous than other
RTILs31. It had also been determined that mixed-gas operations do not reduce gas selectivities in
RTILs11. The wide range of the polarity parameters of the selected RTILs will be useful in
comparing effect of polarity of the low molar volume RTILs chosen on the SILM selectivity39,40.
The first theory that was used to select the range of RTILs to study was the molar volume
effect on CO2/CH4 selectivity theory presented by Camper D. et al31. This was the basis for
selecting three RTILs with low molar volumes ([bmim][NO3], [emim][SCN] and [emim][DCA]).
The fourth RTIL ([emim][Tf2N]) possesses a higher molar volume but was selected in other to
test our results with data available in literature28. The polarity effect on the solubility of CH4 in
RTILs presented by Carvalho J et al21 was the second theory that was tested in this study. The
selected RTILs (with low molar volumes) also possessed a wide range of Kamlet-Taft
parameters, β. This enabled us to judge the effect of both the Kamlet-Taft parameter and molar
volumes on the RTIL CO2/CH4 selectivity.
11

From literature22, the choice of the anion plays a more important role in the CO2
solubility and consequently, the CO2/CH4 selectivity than the choice of the cation. This led to the
choice of [bmim][NO3] as the first choice of RTIL to be tested ([emim][NO3]) was synthesized
and discovered to be solid at room temperature. The alternate RTIL, [bmim][NO3], satisfied the
criteria for RTILs to study. The selected RTILs, [bmim][NO3], [emim][SCN], [emim][DCA] and
[emim][Tf2N], are shown in Table 1 below.
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Table 1. Properties of Selected Ionic Liquids.

Vm24

Thermal32

Kamlet-Taft

Decompositio

Parameter

n (K)

β

N/A

0.65

281

0.71

N/A

0.64

673.15

0.42

33

ρ
Temperature
T32 (K)

(cm3/
(kg/m3)

Molecular
Weight34 (g/mol)

Viscosity35
(cP)

mol)

[bmim][NO3]

[emim][SCN]

[emim][DCA]

[emim][Tf2N]

298.15

1156.5

174

201.23

165.27

298.15

1116

151.7

169.25

21

298.15

1110

160

177.21

21

298.15

1550

252.7

391.3

26
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IV. EXPERIMENTAL SECTION
4.1

CO2 Separation Using RTIL Membranes

4.1.1. Materials
The materials used in the synthesis of the four ionic liquids used in this study are listed below:
Lithium bis (trifluoromethanesulfonyl) imide, Li[Tf2N], 98% minimum purity, CAS #
90076-65-6, Lot # 544094 was obtained from Sigma Aldrich. Potassium Thiocyanate, K[SCN],
98.5% minimum purity, CAS # 333-20-0, Lot # 113616 was obtained from Aqua Solutions. 1
butyl-3-methyimidazolium chloride, [bmim][Cl], 98% purity, CAS # 79917-90-1, Lot #
A0300227, was obtained from Acros Organics. 1 ethyl-3-methylimidazolium chloride,
[emim][Cl], 97% purity, CAS # 65039-09-0, Lot # A0300989, was obtained from Acros
Organics. Sodium Dicyanamide, Na[DCA], 96% purity, CAS # 1934-75-4, Lot # 10138471 was
obtained from Alfar Aesar. Certified ACS Grade Silver Nitrate crystals, Ag[NO3], 99.7%
minimum purity, CAS # 7761-88-8, Lot # 776356, was obtained from Fisher Scientfic. ACS
Grade Acetone, 99.5% minimum purity, CAS # 67-64-1, Lot # 51208, was obtained from EMD
Chemicals. Certified ACS Grade Chloroform with 0.75% Ethanol CAS # 64-17-5 as
preservative, 99.5% purity, CAS # 67-66-3, Lot # 090573 was obtained from Fisher Scientific.
Other materials used in this report are listed below:

14

Ultra high purity Nitrogen, Lot # 3931211-11-7, ultra high purity Methane, Lot # 3936111-21-1
and CO2, Lot # 26 072711 were obtained from Nexair LLC.

4.1.2. Ionic Liquid Synthesis
[emim][SCN] Synthesis
The synthesis of [emim][SCN] from [emim][Cl] and KSCN is a one to one by mole basis double
displacement reaction.
[emim][Cl] + KSCN → [emim][SCN] + KCl
The first step was the addition of 26.4g of [emim][Cl] to 180mL acetone in a beaker. It
was stirred for one hour at room temperature with a magnetic stirrer. K[SCN] (17.5g) was added
to the solution and it was placed in a covered jar and slowly stirred for 24 hours at room
temperature with a magnetic stirrer. The solution was taken off the stirrer and allowed to settle
for 30 minutes before vacuum filtration. The filtrate was placed in the Rotovac® overnight at
100oC and 10 Torr to ensure that the acetone was completely removed from the product. To
ensure a high purity the product was washed with 30mL of chloroform and filtered. The filtrate
was slowly stirred for one hour at room temperature with a magnetic stirrer. The solution was
taken off the stirrer and allowed to settle for 30 minutes, vacuum filtered and the filtrate was
placed in the Rotovac® at 100oC and 10 Torr overnight. The product was decanted into a
covered vial and appropriately labeled. The result was an orange-brown liquid.

15

[emim][DCA] Synthesis
The preparation of [emim][DCA] from [emim][Br] and NaDCA is a one to one by mole basis
double displacement reaction.
[emim][Br] + NaDCA → [emim][DCA] + NaBr
The first step was the addition of 26.74g of [emim][Br] CAS # 65039-09-0 to 180mL
acetone in a beaker. It was stirred for one hour at room temperature with a magnetic stirrer.
NaDCA (31.7g) Lot # 10138471 was added to the solution which was placed in a covered jar and
slowly stirred for 24 hours at room temperature with a magnetic stirrer. The solution was taken
off the stirrer and allowed to settle for 30 minutes before vacuum filtration. The filtrate was
placed in the Rotovac® overnight at 100oC and 10 Torr to ensure that the acetone was
completely removed from the product. To ensure a high purity the product was washed with
30mL of chloroform and filtered. The solution was slowly stirred for one hour at room
temperature with a magnetic stirrer. The solution was taken off the stirrer and allowed to settle
for 30 minutes before vacuum filtration. The filtrate was placed in the Rotovac® overnight at
100oC and 10 Torr overnight. The product was decanted into a covered vial and appropriately
labeled. The result was a light brown liquid.
[bmim][NO3] Synthesis
The synthesis of [bmim][NO3] from [bmim][Cl] and Ag NO3 is a one to one by mole basis
double displacement reaction. Due to the light sensitivity of [NO3] and to prevent side reactions,
the entire reaction was conducted in the dark with the beakers and was wrapped in aluminum
foil.
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[bmim][Cl] + AgNO3 → [bmim][ NO3] + Ag NO3
The first step was the addition of 26.18g of [bmim][Cl] to 180mL acetone in a beaker. It
was stirred for one hour at room temperature with a magnetic stirrer. Ag NO3 (25.5g) was added
to the solution which was placed in a sealed jar and slowly stirred for 24 hours at room
temperature with a magnetic stirrer. The solution was taken off the stirrer and allowed to settle
for 30 minutes and was vacuum filtered. The filtrate was placed in the Rotovac® at 100oC and
10 Torr overnight to ensure that the acetone was completely removed from the product. To
ensure a high purity the product was washed with 30mL of chloroform and filtered. The solution
was slowly stirred for one hour at room temperature with a magnetic stirrer. The solution was
taken off the stirrer and allowed to settle for 30 minutes before vacuum filtration. The filtrate
was placed in the Rotovac® at 100oC and 10 Torr overnight. The product was decanted into a
covered vial and appropriately labeled. The result was a light brown liquid.
[emim][Tf2N] Synthesis
The synthesis of [emim][Tf2N] from [emim][Br] and Li Tf2N is a one to one by mole basis
double displacement reaction.
[emim][ Br] + Li Tf2N → [emim][ Tf2N] + LiBr
The first step was the addition of 30g of [emim][Br] to 250mL of distilled water. It was
stirred for one hour at room temperature with a magnetic stirrer. Li Tf2N (45g) was added to
100mL of water and stirred at room temperature before adding to the [emim][Br] solution. The
solution was then placed in a separatory funnel, covered and was thoroughly mixed together by
inverting the funnel slowly in both directions for 15 minutes. The solution was then left
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overnight to separate. [emim][ Tf2N] was decanted from the bottom and placed in a clean
separatory funnel to which 200mL of distilled water was added to remove impurities from the
product. This process of purification (mixing the solution together for 15 minutes and leaving
overnight to separate) was repeated 6 times to ensure a high purity of the product. The result was
a clear liquid.

4.1.3. SILM Formation
Two porous supports were considered for the SILM formation. The first criterion for
selection of the support was the maximum cross membrane pressure held by the RTILs in the
support. These results are shown in Table 2. The first porous support (Supor-100® Hydrophilic
membrane) was selected to be pressure tested because it had been previously utilized to create a
SILM from [emim][Tf2N] in literature for the purpose of CO2 separation from CH427. The second
hydrophilic porous support (Durapore® Polyvinylidene-Difluoride (PVDF) hydrophilic
membrane filter) was pressure tested in order to obtain SILMs that will hold higher cross
membrane pressure; because the Supor-100® did not pass the pressure tests as shown in Table 2
below.
The second criterion for SILM selection was their hydrophilic nature which will ensure
that the supports are able to get completely wetted by the RTILs. The other factors that were
considered were thickness of the support, in order to obtain measurable lag times, and the pore
size. In addition to this, the SILMs were inspected for signs of degradation or reactions with the
RTIL such as fraying or discoloration.
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Supor-100® Hydrophilic membrane (Pall P/N 60311) by Pall Corporation was the first
disc filter porous support that was considered for the SILM formation process. This
Polyethersulfone (PES) support has a diameter of 47-mm, thickness of 132μm, pore size of
0.1μm, 80% porosity and a maximum operating pressure of 100oC.
The second support that was considered for the SILM formation process was the
Durapore® Polyvinylidene-Difluoride (PVDF) hydrophilic membrane filter, by Millipore
Corporation (CAT #VVLP09050). This support was cut down to a diameter of approximately
47-mm in order to fit into the testing apparatus. The pore size of this support is 0.1μm and it is
125μm thick. It has a porosity of 70% and a maximum operating temperature of 85oC.
The SILM formation process used 1mL of RTIL which was drawn into a syringe. 0.5mL
of the RTIL was placed in a clean watch glass. The porous support was placed on the watch glass
with the active “shiny” side down using a spatula and allowed to soak up the RTIL. A few drops
of the RTIL were placed on the top and sides of the porous support until it was visibly
completely “wetted.” The membrane was then placed in the vacuum dessicator overnight to
degas. The membrane was inspected for any signs of fraying or discoloration. The excess RTIL
on the membrane was removed by gently blotting with a clean filter paper before placing the
membrane in the test apparatus.
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4.2.

Methods

4.2.1. Pressure Tests
The pressure that can be held by a SILM depends on both the ionic liquid used and the
porous support selected. It is therefore important to evaluate the performance of ionic liquids in
various porous supports. The aim of the pressure test was to determine which of the porous
supports produced SILMs that could hold sufficient pressure to conduct studies. The pressure
tests were conducted in the Single Gas Permeation Test apparatus in Figure 1. The SILM was
placed in the membrane unit and connected to a vacuum pump which pulled and maintained a
vacuum overnight in order to degas the liquid. The membrane was isolated by shutting off the
valves and turning off the vacuum pump. Air was added to the membrane through a syringe in
increments of 5mL until the membrane failed.
The following were the results of the Pressure Tests conducted on the SILMs in the Supor-100®
hydrophilic polyethersulfone (PES) filter:
Table 2. Supor-100® Hydrophilic Polyethersulfone (PES) Pressure Test Results

Membrane
[bmim][NO3]

Initial Pressure
(psia)
0.018

Volume of Air
Added/Maximum Cross
Membrane Pressure Held
30mL / 5 psia

[emim][DCA]
[emim][SCN]

0.013
0.013

85mL / 14 psia
55mL / 9 psia
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The following were the results of the Pressure Tests conducted on the SILMs in the Durapore®
Polyvinylidene-Difluoride (PVDF) hydrophilic membrane filter:
Table 3. Durapore® Polyvinylidene-Difluoride (PVDF) Pressure Test Results

Membrane
[bmim][NO3]

Initial Pressure
(psia)
0.018

Volume of Air
Added/Maximum Cross
Membrane Pressure Held
190mL / 30 psia

[emim][Tf2N]

0.016

270mL / 43 psia

[emim][DCA]
[emim][SCN]

0.013
0.013

235mL / 38 psia
255mL / 41 psia

The Durapore® Polyvinylidene-Difluoride (PVDF) support was chosen for the tests conducted
in this study due to the higher cross membrane pressure held by the SILMs formed with the
RTILs studied.

Pressure Vacuum
Transducer

Feed
Chamber
Membrane

Pump

Syringe

_________
Permeate
Chamber

Pressure Transducer

Figure 1. Schematic of Single Gas Permeation Test Apparatus.
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4.2.2. Mixed Gas Feed Tests & Apparatus
All of the experiments conducted used mixed-gas feeds of carbon dioxide (CO2) and
methane (CH4) in continuous flow and were performed with the mixed gas test apparatus shown
in Figure 2. The apparatus was in an insulated box maintained at 31.5oC. The mass flow
controllers, MKS Type 1179A Mass-Flo® controlled the flows of individual gases on a molar
basis using a total of three mass flow controllers for carbon dioxide (CO2), methane (CH4) and
the sweep gas. An MKS Type 247D Four-Channel Readout operated all the mass flow
controllers. This allowed the operator to specify different feed ratios of CO2 and CH4 in the inlet
stream which corresponded to different partial feed pressures of CO2.
The CO2/CH4 gas separation tests conducted in this study used nitrogen, N2, as the sweep
gas. The sweep gas ran directly into the permeate side (or bottom) of the stainless steel dualchambered membrane holding Unit with an area of 9.621 cm2. The aim of the sweep gas was to
push the permeate to the sensors in order to obtain sample readings. The feed gas flow rate was
80 sccm for feed absolute pressures of 207 kPa (30 psia) and 90-sccm for feed absolute pressures
of 307 kPa (44.5 psia). The N2 sweep gas flow rates varied between 4.0 and 8.0 sccm.
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Figure 2. Mixed-Gas Test Apparatus.
Focusing on the feed of the apparatus in Figure 2, varying concentrations of CO2 in a
CH4/CO2 mixed gas feed as specified on the MFCs are fed in to the Omega® FMX8400 Series
static mixer which thoroughly mixed the feed gas. Upon exiting the mixer the gas is sent to a
Swagelok 300mL capacity holding tank (Swagelok 304L-HDF4-300) which ensured a steadied
mix. The space time of this 300mL vessel was 3.75min. Upon exiting the Swagelok 300mL
vessel, the mixed gas is sent through a sensor port where the feed temperature and relative
humdidity are measured using a Honeywell HIH-3610 Series relative humidity sensor and a
National Semiconductor LM34 temperature sensor. Upon exiting the sensor port, the mixed gas
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is fed to the top chamber of the stainless steel dual-chambered membrane unit. This unit is sealed
by the compression of two O-rings that were covered in vacuum grease. The retentate which
exits through the top of the membrane chamber is sent to a sensor port where the feed
temperature, pressure and relative humdidity are measured, passes through a sample port and a
needle valve, which is used to control the pressure, before being vented in the hood.
On the lower chamber of the stainless steel dual-chambered membrane holding unit the
sweep gas, which flow rate has been specified on the MFC, is sent into the bottom chamber of
the membrane unit where it sweeps the permeate into the sensor port where the feed temperature,
pressure and relative humdidity are measured. Upon leaving the mixed gas passes though a
sample port, a needle valve, which is used to control the pressure, to a flow meter which is useful
to double-check mass balance calculations. From this point it is taken to a sensor that measures
the percentage of CO2 and CH4 in the permeate (which also takes into account the sweep gas).
The sensors used on the lower chamber of the stainless steel dual-chambered membrane holding
unit took relative humidity, temperature and pressure data using a Honeywell HIH-3610 Series
relative humidity sensor, a National Semiconductor LM34 temperature sensor and an Omega
PX139 pressure sensor.
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Figure 3. Cross Sectional View of Membrane Unit
A cross sectional view of the membrane unit in Figure 3 shows the tubing through which
the feed enters the top chamber and the passage through which the retentate exits. The SILM is
supported by a stainless steel screen membrane support. Glass beans are used to create a bed in
the lower chamber that help to reduce to holding time and enable the mixed gas flow to reach
steady state faster. The bottom of the chamber shows the tubing through which the sweep gas
enters the chamber and the passage through which the permeate exits.
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4.2.3. CO2/CH4 Gas Separation Tests
In the CO2/CH4 separation tests conducted in this study, the permeate flowed through two
infrared gas sensors. The CH4 content in the permeate was measured by volume by an Edinburgh
Instruments iRcel 2179 while the CO2 content in the permeate was measured by volume by a
Vaisala GMM 221. Both instruments measured 0-5% by volume.
4.2.4. Test Procedure
Two procedures were carried out in this study for the CO2/CH4 mixed gas tests.
The first procedure for the CO2/CH4 separation tests was conducted using a nominal feed
absolute pressure of 207 kPa (30 psia). In this procedure, a series of six feed percentages of CO2
were used. The total feed flow rate was kept at 80 sccm while the flow rate of the sweep gas was
between 4 sccm and 8 sccm. The feed percentages of CO2 in the CO2/CH4 feed flow were
approximately 0, 5%, 10%, 25%, 50% and 100%. These corresponded to an approximate partial
pressure of CO2 in the feed of 0 kPa, 10 kPa, 21 kPa, 52 kPa, 103 kPa and 207 kPa respectively.
The second procedure for the CO2/CH4 separation tests was conducted using a nominal
feed absolute pressure of 307 kPa (44.5 psia). In this procedure, a series of six feed percentages
of CO2 were used. In order to minimize rounding errors in calculating the individual feed flow
rates, the total feed flow rate was changed to a basis of 90 sccm, with the sweep gas flow rate
between 4 sccm and 8 sccm. The feed percentages of CO2 in the CO2/CH4 feed flow were
approximately 0%, 3.33%, 6.67%, 16.67%, 33.3% and 66.7%. These corresponded to
approximately identical partial pressures of CO2 in the feed as the first procedure of 0 kPa, 10
kPa, 21 kPa, 52 kPa, 103 kPa and 207 kPa respectively.
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In both procedures, data were obtained and recorded two hours after a feed flow change
in order to ensure steady state conditions. A computer data acquisition program recorded
parameters obtained from the sensors in intervals of 1 minute for 1 hour. The data collected over
the time period of 1 hour were averaged and the results were utilized in the calculation of results.
A log-book was also used to record permeate flow rates and other parameters at the beginning
and the end of each data recording.
4.2.5. Data Analysis
Selectivity, α, was calculated using the following equations:
1

2

3

where:
α is selectivity
x is the membrane thickness
A is the membrane contact area
PCO2 is the permeance of CO2 in the membrane in barrers
PCH4 is the permeance of CH4 in the membrane in barrers
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ΔPCO2 is the driving force of CO2 across the membrane, calculated as the difference in partial
pressure of CO2 in the retentate and permeate
ΔPCH4 is the driving force of CH4 across the membrane, calculated as the difference in partial
pressure of CH4 in the retentate and permeate
The flux of CO2 and CH4 in the permeate stream, VCO2 and VCH4 respectively, were calculated
by a mass balance on the sweep gas.
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4.3

SO2 Solubility in Ionic Liquids & Application to Absorption Refrigeration Cycle.
The results from gas solubility tests of SO2 in [bmim][Ac], [bmim][MeSO4] and

[hmim][Tf2N] were obtained from literature in order to develop a relation between SO2 and the
ionic liquid. In addition to this, the EOS constants such as molecular weight, critical temperature,
Tc, critical pressure, Pc, heat capacity, density, and boiling points of the [bmim][Ac] were also
obtained from literature18, 36.
The experimental solubility, Pressure-Temperature-composition, P-T-x data for SO2 in
each of [bmim][Ac], [bmim][MeSO4] and [hmim][Tf2N] obtained from data18 were utilized in
determining the mixture properties of the SO2/RTIL binary systems at various temperatures and
pressures. This data was entered into a Microsoft Excel® program in order to simulate the
performance of the absorption refrigeration cycles and determine the COP.
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V.

RESULTS

This chapter presents the results obtained from the studies conducted in this work. For
clarity, they are outlined in the form of tables and graphs as appropriate. The results of the
CO2/CH4 separation utilizing RTILs membrane are outlined first.
The variability in selectivity data arises from the low detection limit of the sensors. These
lower limit data set were not included in the sensors. At lower operating pressures, the driving
force of CH4 was lower. This resulted in obtaining CH4 permeate concentration values such as 0.01% or 0.01% by volume which led to inaccurate selectivity values. These runs were not
included in the selectivity calculations. At higher operating pressures, the driving force of CH4
was higher and this overcame the sensor detection limit.
The second portion of this chapter contains the results of simulating the Absorption
Refrigeration cycle using SO2/RTIL pairs. The outputs from the Microsoft Excel® simulations
are presented.

5.1

CO2 separation Using RTIL MembranesCO2 Separation Using RTIL Membranes
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5.1.1 [emim][SCN] SILM Performance in CO2/CH4 mixed gas feed separation
The results of [emim][SCN] SILM Performance in CO2/CH4 mixed gas feed separation are
outlined in Table 4. The CO2/CH4 selectivity value obtained for [emim][SCN] was 17±2.6. The
standard deviation of the selectivity values was 2.6. The Kamlet–Taft parameter, β, of
[bmim][SCN] RTIL is 0.7139. This value can be used as an approximate Kamlet–Taft parameter,
β, of [emim][SCN] for the purpose of analysis as literature shows that the β of some RTILs with
the same anion, such as [Tf2N], do not vary significantly40. Figure 4 presents the same results in
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Figure 4. Results of [emim][SCN] SILM Performance in CO2/CH4 mixed gas feed separation
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Table 4. Results of [emim][SCN] SILM Performance in CO2/CH4 mixed gas feed separation
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5.1.2 [emim][DCA] SILM Performance in CO2/CH4 mixed gas feed separation
The CO2/CH4 selectivity value obtained for [emim][DCA] was 22±1.3. This is 8.3% less
than the literature reported value of 24 for CO2/CH4 selectivity28. The standard deviation of the
selectivity values was 1.3. The Kamlet–Taft parameter, β, for this RTIL is 0.6439. Table 5 below
outlines [emim][DCA] SILM Performance in CO2/CH4 mixed gas feed separation. A graphical
representation is presented in Figure 5.
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Figure 5. Results of [emim][DCA] SILM Performance in CO2/CH4 mixed gas feed separation
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Table 5. Results of [emim][DCA] SILM Performance in CO2/CH4 mixed gas feed separation
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5.1.3 [emim][Tf2N] SILM Performance in CO2/CH4 mixed gas feed separation
The CO2/CH4 selectivity value obtained for [emim][Tf2N] was 9±1.3. This is 26% less
than the literature reported value of 12.2 for CO2/CH4 selectivity in Supor 100® SILM 28. The
standard deviation of the selectivity values was 1.3. The Kamlet–Taft parameter, β, of this RTIL
is 0.4239.

Table 6 below outlines [emim][Tf2N] Performance in CO2/CH4 mixed gas feed

separation. A graphical representation is presented in Figure 6.
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Table 6. Results of [emim][Tf2N] SILM Performance in CO2/CH4 mixed gas feed separation
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5.1.4 [bmim][NO3] SILM Performance in CO2/CH4 mixed gas feed separation
The average selectivity recorded was 22±7.9. The standard deviation of the selectivity
was 7.9. The Kamlet–Taft parameter, β, of this RTIL is 0.6540. Table 7 below outlines
[bmim][NO3] Performance in CO2/CH4 mixed gas feed separation. A graphical representation is
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Table 7. Results of [bmim][NO3] SILM Performance in CO2/CH4 mixed gas feed separation
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5.1.5 [emim][Tf2N] in Supor 100® SILM Performance in CO2/CH4 mixed gas feed
separation
CO2/CH4 selectivity studies were carried out on the [emim][Tf2N] in Supor 100® SILM. This
was done in order to make a comparison with the selectivity results for [emim][Tf2N] in
literature. In addition to this, this test will help to evaluate the effect of the choice of support on
selectivities.
The CO2/CH4 selectivity value obtained for [emim][Tf2N] in Supor 100® SILM was 9. This is
26% less than the literature reported value of 12.2 for CO2/CH4 selectivity in the same type of
support 28. The Kamlet–Taft parameter, β, of this RTIL is 0.4239.
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5.2

SO2 Solubility in Ionic Liquids & Application to Absorption Refrigeration Cycle.

The results of the absorption refrigeration cycle are shown in Figure 9 below. Comparisons of
the three RTILs simulated with SO2 are shown with the standard NH3/H20 cycle.
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Figure 9. Graph of COP versus Tabsorber.
The four systems (SO2/bmimAc, SO2/bmimMeSO4, SO2/hmimTf2N and Ammonia/Water) tested
all show the same relationship between the temperature of the generator (T Gen) and the
coefficient of performance (COP). As T Gen increases, the COP reduces. This is due to the
higher duty of the generator. The highest performing system was SO2/bmimAc, with a COP of
0.73 at 320K. This value was 4.3% higher than the Ammonia/Water and SO2/bmimMeSO4
systems which both had a COP of 0.7 at the same conditions. The SO2/hmimTf2N system, with a
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COP of 0.45, was the lowest performing system due to a high molecular weight that required a
higher pump duty.
Figure 10 shows the COP Electric versus T Gen. Although this COP does not take the work done
by the generator into consideration, the effect of increasing the temperature of the generator is
evident in the duties of the evaporator and pump. The results show the same trend as above, as
the T Gen goes up, the COP Electric reduces.
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Figure 10. Graph of COP Electric versus Tabsorber.
Figure 11 below shows the output page of the Microsoft Excel® Absorption Refrigeration
Simulation. The white cells are defined by the user and the yellow cells are calculated by the
program. The user can change the absorption refrigeration pair, the generator temperature, as
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well as, other parameters as shown in the figure.

Figure 11. Output page of Microsoft Excel® Absorption Refrigeration Simulation.
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Figure 12 below shows the cooling duty in kW of the SO2/bmimAc absorption refrigeration pair.
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Figure 12. Cooling Duty (QL) vs. T Gen
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VI.
6.1

DISCUSSION

CO2 Separation Using RTIL Membranes
The highest CO2/CH4 selectivity recorded in this study was 22 in the case of

[emim][DCA] and [bmim][NO3]. These RTILs also had the second and third lowest molar
volumes of 160cm3/mol and 174cm3/mol respectively. The lowest selectivity recorded was 9 in
the case of [emim][Tf2N]. This RTIL had the highest molar volume of all four RTILs tested
253cm3/mol as shown in Table1. With the exception of the performance of [emim][SCN] which
has a molar volume of 151.7cm3/mol, this result agrees with one of the initial hypothesis that
RTILs with lower molar volumes have higher CO2/CH4 selectivities31.
The Kamlet–Taft parameter, β, of the highest performing RTILs [emim][DCA] and
[bmim][NO3] are 0.64 and 0.65 respectively. The β of [emim][Tf2N], which had the lowest
selectivity of 9, was the lowest of all four RTILs tested (0.42).With the exception of
[emim][SCN] which has a β value of 0.71, this result agreed with the alternate hypothesis that as
the polarity of the RTILs increase, the CO2/CH4 selectivity will increase due to a decrease
solubility of CH4 through the RTIL21.
The RTIL with the highest β of 0.71, [emim][SCN] ,however, has a selectivity of 17 and
a molar volume of 151.7cm3/mol. This result is conflicting with both of the hypothesis.
However, more studies can be conducted to determine what drives the selectivity of the [SCN]
anion. The molar volume of [emim][SCN] can be altered by synthesizing [bmim][SCN]. This
44

will create an RTIL with approximately the same β value but a different molar volume. This can
be used as a basis for determining the effect of molar volume on the selectivity.
Table 8. Molar Volume Theory and Selectivity

RTIL
[emim][SCN]
[emim][DCA]

Molar Volume (cm3/mol)
151.7
160

Selectivity
17 ± 2.6
22 ± 1.3

[bmim][NO3]

174

22 ± 7.9

[emim][Tf2N]

252.7

9 ± 1.3

Table 9. Kamleft-Taft Parameter and Selectivity

6.2

RTIL

Kamleft-Taft Parameter β

Selectivity

[emim][Tf2N]
[emim][DCA]

0.42
0.64

9 ± 1.3
22 ± 1.3

[bmim][NO3]
[emim][SCN]

0.65
0.71

22 ± 7.9
17 ± 2.6

SO2 Solubility in Ionic Liquids & Application to Absorption Refrigeration Cycle
The COPs obtained from this study show higher COPs than the COP of Ammonia/Water

can be obtained with SO2/RTIL absorption refrigeration pairs. This can be a basis for further
absorption refrigeration pair studies and design.
The COP of the SO2/RTIL absorption refrigeration pairs reduces as the generator
temperature increases. This is due to the additional work done by the generator to attain the
higher temperatures. An optimum generator temperature can be investigated for each cycle for
the purpose of obtaining higher COPs.
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VII.
7.1

SUMMARY AND CONCLUSION

CO2 Separation Using RTIL Membranes

Figure 13 is a bar chart representation of the average CO2/CH4 Selectivities of the four RTILs
tested in this study.
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Figure 13. Summary of CO2/CH4 Separation Results
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The highest selectivities recorded were 22 for [emim][DCA] and [bmim][NO3]. The
second highest selectivity was 17 for [emim][SCN]. The lowest recorded selectivity was 9 for
[emim][Tf2N]. Although the results from this study would not support a conclusion, more studies
can be conducted to future determine the extent of the effect of the competing theories on
CO2/CH4 selectivity. In addition, more studies can be conducted to determine what determines
the selectivity of the [SCN]- anion. The molar volume of [emim][SCN] can be altered by
synthesizing [bmim][SCN]. This will create an RTIL with approximately the same β value but a
different molar volume. This can be used as a basis for determining the effect of molar volume
on the selectivity of [SCN]-.
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7.2

SO2 Solubility in Ionic Liquids & Application to Absorption Refrigeration Cycle

Figure 14 is a bar chart representation of the COPs of SO2/[bmim][Ac], SO2/[bmim][MeSO4],
SO2/[emim][Tf2N] and Ammonia/Water absorption refrigeration pairs at 320.15K.
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Figure 14. Summary of Absorption Refrigeration Results.
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The above results in Figure 14 show that the COP of SO2/bmimAc absorption refrigeration pair
is 4% higher than that of Ammonia/Water at 320.15K. The SO2/bmimMeSO4 pair has the same
COP as that of Ammonia/Water at the same conditions. Figure 15 below shows the COP-Electric
of the absorption refrigeration pairs at 320.15K. This shows that by taking only the work done
into account at 320.15K, the performance of SO2/bmimAc and SO2/bmimMeSO4 is
approximately 38% better than the Ammonia/Water cycle at 320.15K. In conclusion, while the
SO2/RTIL pairs have produced promising COPs and results, further studies on more pairs for
higher COPs and feasibility studies are required before a full determination can be made.

COP Electric of Absorption
Refrigeration Pairs at 320.15K
1.2
1
COPs

0.8
0.6
0.4
0.2
0
SO2/bmimAc
SO2/bmimMeSO4
SO2/hmimTf2N
Ammonia/Water

Absorption Refrigeration
Pairs
1.1
1.1
0.7
0.8

Figure 15. Summary of COP-Electric Absorption Refrigeration Results
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APPENDIX
User Manual for Absorption Refrigeration Simulation
List of User Inputs
1. Generator Temperature
2. Desorber Inlet Temperature (Geothermal Source)
3. Absorber Temperature
4. Inlet Temperature of Air (T outside)
5. Desired Product Temperature (T product)
6. Pump Inlet Pressure
7. Pump Outlet Pressure
8. Total Flow Rate
9. Mass Fraction of Each Component
10. Pump Efficiency
11. Components of Cycle

List of Calculated Results
1. Desorber Outlet Temperature
2. Pump Inlet Temperature
3. Condenser Temperature
4. Condenser Duty
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5. Evaporator Duty
6. Generator Duty
7. Pump Work
8. Absorbent Concentration in Absorber
9. COP
10. COP-electric

List of Equations
All equipment calculations are in the “Equipment Calculations” tab.
1. Pump Calculation
Rules of Thumb for Chemical Engineers (user can change the pump efficiency in the
“Input_Result_Page” tab)
2. Joule Thompson Expansion (Throttling Valve)
μ = (dT/dP)H
3. Evaporator (5 heat exchangers in series)
Q = U*A*ΔTLM
4. Generator
Q = U*A*ΔTLM

Example Calculations
T Gen = 330K

T Desorber = 380K

T Product = 283.15K

T Absorber = 308.15K

Pump Inlet Pressure = 2.33 bar

Pump Inlet Pressure = 10.48bar
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Mass Fraction of each component = 0.5

Pump Efficiency = 0.75

Total Flow Rate = 500 kg/hr

Toutside = 308.15K

T Condenser = 315K
1. Result for SO2/[bmim][Ac]
COP = 0.489
COP-electric = 0.762
2. Result for SO2/[bmim][MeSO4]
COP = 0.47
COP-electric = 0.732
3. Result for SO2/[hmim][Tf2N]
COP = 0.305
COP-electric = 0.451

Addition of New Components to the Simulation
To add another refrigerant/absorbent system to the simulation, the following steps should be
carried out:
1. Regress the solubility data of the refrigerant in the absorbent at different temperatures
and add a new tab to the program.
2. Make a copy of the “Solubility_bmimAc” tab and rename it accordingly. Add the
parameters from the equation of best fit under “Temperature”, “A” & “B” columns for
the new pair.
3. Input the information on the new pair in the “EOS constants” tab which should include
the equation of state parameters, critical properties and molecular weight.
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4. Input the Joule Thompson coefficient of the refrigerant in the “JT_Coeff” tab
5. Input the heat capacity constants of the absorbent and refrigerant in the “RK EOS & Cp
SO2” tab
6. Input the properties of the new components in the “Equipment Calculations” tab
7. Add the new components to the IF statements in the “Process Input Page” and the
“Nomenclature” tabs.

Single Gas Data for [bmim][NO3]
The figure below shows the pressure versus time results for 15mL of CO2 injected into
[bmim][NO3] membrane.
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